Streptomyces fradiae JS6 (mcr-6) is defective in the repair of potentially lethal damage to DNA induced by mitomycin C (MC), hydroxylamine (NH2OH), methyl methanesulfonate (MMS), 4-nitroquinoline 1-oxide (NQO), Nmethyl-N'-nitro-N-nitrosoguanidine (MNNG), and ultraviolet light (UV), but it exhibits nearly normal sensitivity to ethyl methanesulfonate (EMS)-induced lethality. JS6 is substantially less mutable by MNNG, MMS, NQO, UV, NH2OH, and also EMS than is the parental strain. A spontaneous revertant of JS6 showed wild-type levels of resistance to all of these agents and wild-type levels of induced mutagenesis, indicating that a single mutation caused the multiple traits displayed by JS6. The mcr-6 gene product thus appears to control an errorprone (mutagenic) DNA repair system. Mediation of EMS mutagenesis by an error-prone repair pathway in S. fradiae, rather than by direct mispairing as in Escherichia coli, suggests that the streptomycetes have evolved more efficient erroravoidance mechanisms than those commonly observed in the single-celled eubacteria.
Streptomycetes are Gram-positive filamentous bacteria having remarkable capabilities to produce antibiotics of diverse chemical structure and biological activity (1) . They have circular genomes (1, 2) approximately three times as large as the genome of Escherichia coli (3), and they differentiate and form aerial spores as do many eukaryotic fungi. Recent reports indicate that streptomycetes can contain extensive amounts of reiterated DNA (4-8), a trait common to eukaryotic but not to prokaryotic organisms. Thus the streptomycetes may occupy an evolutionary position more advanced than the common unicellular eubacteria.
We have begun studies on mechanisms of mutagenesis in Streptomycesfradiae, a commercially important species that produces the macrolide antibiotic tylosin (9, 10) . We report here that most induced mutagenesis in S. fradiae is genetically controlled and appears to occur by error-prone DNA repair (or replication). The error-avoidance mechanisms in S. fradiae appear to be more highly evolved than those in E. coli, and closely resemble those observed in the eukaryote Saccharomyces cerevisiae. Thus, S. fradiae appears to occupy an evolutionary position somewhere between the simple eubacteria and the lower fungi in its responses to potentially mutagenic chemicals and radiations.
MATERIALS AND METHODS Chemicals. Spectinomycin hydrochloride was a gift from Upjohn. Rifampin was purchased from Calbiochem. Streptomycin sulfate was purchased from Sigma. The chemical mutagens were obtained from the following sources: hydroxylamine (NH2OH) hydrochloride, methyl methanesulfonate (MMS), and ethyl methanesulfonate (EMS), Eastman Kodak; N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and 4-nitroquinoline 1-oxide (NQO), Aldrich; mitomycin C (MC), Calbiochem.
Media and Growth Conditions. Streptomyces strains were grown in trypticase soy (TS) broth and fragmented by ultrasound as described (11) . AS-1 agar medium was prepared as described (12) . TS agar contained TS broth (Baltimore Biological Laboratory) and 20 g of agar (Difco) per liter. Czapek-Dox agar contained 35 g of Czapek-Dox broth (Difco) and 15 g of agar (Difco) per liter of distilled water.
S. fradiae Strains. C4 (nar-J) is a mutant strain that produces high levels of the macrolide antibiotic tylosin (13) (14) (15) . Ml (nar-J spo-J) is a spontaneous mutant of strain C4 (11) defective in sporulation. JS6 (nar-) spo-J mcr-6) is an MCsensitive (MCS) derivative of Ml induced by MNNG mutagenesis as described (13 
RESULTS
Isolation and Properties of S. fradiae JS6. S. fradiae JS6 was isolated as an MNNG-induced mutant of S. fradiae Ml sensitive to MC. Efficiency-of-plating tests confirmed that it was highly sensitive to MC relative to the parent strain, Ml (Fig. 1) (Fig. 1 ).
Inactivation and Mutagenesis of JS6 by UV and NQO. JS6
was more sensitive to the lethal effects of UV light and the UV-mimetic agent NQO (17, 18) than was MI. The revertant strain, JS96, showed the same levels of resistance to these agents as did Ml (Figs. 1 and 2 ). UV light was only mildly mutagenic in Ml as measured by the frequency of Spcr mutants ( Fig. 1) and by the frequency of Rifr mutants and Nar' revertants ofa Nar-mutant (not shown). [Both lif' and Nar' mutants are induced at high frequencies by agents that induce base-pair substitutions (e.g., MNNG, MMS, and EMS).] NQO, on the other hand, induced maximal frequencies of Spcr mutants in Ml about 100-fold higher than did UV light ( Figs. 1 and 2 ). Mutagenesis by UV light or NQO was reduced to about 1/10th in JS6 but was normal in the revertant JS96.
Inactivation and Mutagenesis of JS6 by Alkylating Agents. JS6 was nearly as resistant to the lethal effects of EMS as were Ml and JS96 but-was much more sensitive to MMS than were Ml and JS96 (Fig. 3) . JS6 was also 1/10th to 1/100th as mutable by EMS and MMS as were Ml or JS96, which were equally mutable. JS6 was also more sensitive to MNNG than were Ml or JS96, and was about i/lOth as mutable by MNNG as were these two strains (Fig. 2) pressed normal levels of induced mutation. However, the revertant appeared to be somewhat more sensitive to MC than the wild-type strain, suggesting that it might contain a suppressor or a non-wild-type revertant at the same base pair or the same codon of the mcr-6 mutation. Alternatively, this apparent difference in MC resistance might be due to some other indirect effect associated with the lengthy exposure to MC during colony formation. In any event, the reversal of all the phenotypic effects of the mcr-6 mutation in JS96 seems to indicate that the original repair deficiency was caused by a single mutational defect.
The multiple phenotypes expressed in JS6 resemble those of recA mutants of E. coli, which are similarly more sensitive than the wild type to the lethal effects of MC, UV, NQO, MMS, and MNNG (17) (18) (19) , but which show nearly normal levels of resistance to EMS. E. coli recA mutants show virtually no mutation induction by UV, NQO, and MMS, and 1/10th of the wild-type mutagenesis by MNNG (17) (18) (19) . Unlike JS6, however, recA mutants of E. coli and Salmonella typhimurium show nearly normal levels of mutagenesis induced by EMS (17, 20) . These results have been interpreted to mean that the recA protein regulates error-prone DNA repair required for virtually all mutagenesis by UV, NQO, and MMS (21) and about 90% of MNNG mutagenesis (17) . EMS induces few mutations by the error-prone pathway in these bacteria but instead presumably causes direct mispairing of alkylated bases during DNA replication (21) .
In S. fradiae JS6, EMS mutagenesis was about 1/100th of that in the wild type. One possible explanation is that S. fradiae might possess a very efficient repair system to de-ethylate 06-ethylguanine, perhaps by a transethylase similar to the transmethylase of E. coli (22 however, such lesions may be misread more frequently at higher doses of EMS after induction of a response that renders the replication apparatus more error prone. The observation that EMS mutagenesis occurs primarily by an error-prone pathway in Streptomyces supports the idea that mutagenicity by direct base mispairing is progressively reduced as genome complexity increases (21, 27) and that error surveillance during normal DNA replication becomes more stringent as genome sizes increase (34) . Our data also extend the idea that error-prone mutational pathways in microorganisms complement other relatively errorfree pathways during periods of environmental stress. Our data suggest that streptomycetes, which are prokaryotic by most criteria, have in fact evolved to a position where their response to mutagens may be intermediate between those of the single-cell eubacteria and the (eukaryotic) yeasts. The complex sporulation cycles and the ability to amplify portions of their genomes manyfold also suggest that the streptomycetes have evolved systems more akin to those commonly observed in eukaryotic fungi and higher eukaryotes, respectively.
